Here we analyze the microstructure and phase composition of a Ti alloy with 0.16Pd and 0.14Fe (wt%) alloy exposed to warm equal channel angular pressing (ECAP) at 648 K. The analysis shows that after four ECAP passes, the material assumes a submicrocrystalline structure with an average grain size of 0.28 µm, as against its initial value 10 µm, and that the α phase dominates in the alloy both before and after ECAP. The initial alloy reveals a high content of Fe and Pd atoms near grain boundaries compared to central grain regions. Such near-boundary zones contain orthorhombic α ′′ martensite in addition to the α phase, and β or α + β particles are found directly at the grain boundaries. These features of the phase composition are inherited after ECAP. The yield strength of the ECAP treated alloy is 500 MPa, being greater than the initial strength 350 MPa, and its margin of plasticity is rather high. The torsional strain up to fracture in the initial and in the ECAP treated alloy is 70% and 50%, respectively.
Introduction
Titanium and its alloys hold the lead in medicine over other metal materials [1] [2] [3] due to their high strength, high corrosion resistance, and biocompatibility. The best corrosion resistance in saline solutions and other corrosive media is displayed by Ti alloys of grade 7 containing 0.14- [4, 5] . Research data show that Ti alloys with a small Pd content are highly resistant to corrosion even in saline solutions with fluorine compounds, which greatly speed up the corrosion of other Ti alloys used in medicine [6] . Such Ti-Pd alloys are produced in different countries of the world (USA, Great Britain, Russia, Japan, China, etc.) as they serve to produce devices and constructions for operation with chemically active media [4, 7] , and their use is expected in shipbuilding [8] and in manufacturing storage containers for high-level nuclear waste [9] . However, TiPd alloys have low mechanical properties (yield strength 400 MPa), being a barrier on the way to their wider application, including medical. By now, technologies of severe plastic deformation are available allowing the formation of a submicro-or a nanocrystalline structure in metals and alloys as well as improvement of their mechanical properties [10] [11] [12] . Among these technologies is the equal channel angular pressing (ECAP). Unfortunately, we are aware of only one paper [13] which reports on the structure and properties of an ECAP treated alloy of grade 7 (Ti-0.14Pd-0.03Fe, wt%), showing that two ECAP passes with a channel angle of 105 ∘ at 673 K provide a microcrystalline structure with a grain size of~3.8 µm in the material and improve its corrosion resistance compared to the initial coarse-grained state.
Here we present research data on the structure, phase state, and mechanical properties of a Ti alloy containing 0.16Pd and 0.14Fe wt% after equal channel angular pressing with a channel angle of 90 ∘ at 648 K.
Experimental procedure
The test alloy contained 0.16Pd, 0.14Fe, 0.02C, 0.01N, 0.001H, 0.12O 2 , and balance Ti (wt%). The alloy was produced in China; its analogues are alloy 4200 and alloy of grade 7. The alloy was shaped into specimens of crosssection 14 × 14 mm 2 and length 160 mm from bars of diameter 20 mm and were exposed to ECAP in dies with a channel angle of 90 ∘ at a temperature of 648 K. The strain rate was 1 s −1 , and the true (logarithmic) strain was 0.7 per pass. The specimens were examined after one pass, two passes by route A, and three and four passes by route B. The grain structure of the initial material was examined by optical metallography (AXIOVERT-200MAT) and scanning electron microscopy (LEO EVO 50). The phase state of the initial and treated materials was examined on their lateral and longitudinal sections by X-ray diffraction analysis (DRON-7) and TEM -transmission electron microscopy (JEM-2100 with energy-dispersive X-ray spectroscopy). The foils for transmission microscopy were cut from longitudinal and lateral sections of the initial and treated materials, were mechanically thinned to 0.2 mm, and were polished in an electrolytic solution containing H 2 SO 4 , HF, and HNO 3 with a volume percentage of 30, 64, and 6, respectively. The mechanical properties of the material after ECAP were investigated on specimens of cross-section 1 × 1 mm 2 with a gage length of 9 mm. Preliminarily, the specimens were exposed to mechanical grinding and electrolytic polishing.
Research results
Our research suggests that the initial alloy has a microcrystalline structure. The maximum grain sizes in its longitudinal and lateral sections are close, measuring 24 and 19 µm, respectively. The grains are near-equiaxed, and their maximum to minimum size ratio is 1.4 and 1.2 length-and crosswise, respectively. The average grain size in the direction of maximum elongation in both sections are also close: 10 µm for longitudinal and 8 µm for lateral. According to Xray diffractometry, the main phase in the alloy is α, and its lattice parameters (a = 2.951 Å, c = 4.686 Å) correspond to those in α-Ti (a = 2.945-2.953 Å, c = 4.679-4.730 Å [2] ). Any other reflection distinct from the α phase, except for TiC, is not found. The X-ray diffraction data agree with transmission electron microscopy data. In the volume of most grains, the main phase is α whose typical microdiffraction patterns are shown in Figure 1a . At the same time, as can be seen from Figure 1 , an intragranular structure composed of submicro-and nanosized crystallites is found inside the grains, suggesting the presence of not only the α phase but also α ′ arising in Ti alloys due to β → α ′ martensite transformation [4, 14] . The α ′ phase has the same hcp (hexagonal close packet) structure as the α phase, and the parameters of both structures differ slightly. In our study, any difference in their lattice parameters escaped detection, and we will further refer to the α phase as the main hcp phase of Ti0.16Pd0.14Fe (wt%). Our TEM analysis reveals specific features in the phase state of the alloy near and at the boundaries of grains which are not detected by X-ray diffractometry. In particular, the microdiffraction pattern of a microvolume near a grain junction (Figure 1b , upper arrow) points to the presence of orthorhombic α ′′ martensite in addition to the α phase. Similar microvolumes with a two-phase α + α ′′ structure are observed directly near the grain boundaries (zone ±1 µm) and at a distance of 2-3 µm from them. Moreover, part of the grain boundaries and grain junctions contains particles with a structure distinct from α and α ′ (Figure 2 ). The fraction of such grain boundaries is small, and its quantitative estimation fails. Such precipitates at grain junctions are most often shaped as a truncated ellipsoid, and their size ranges from 50 nm to~1 µm. Along the grain boundaries, either single spheroidal or ellipsoidal particles and more rarely the chains of similar particles are observed. In some cases, coarser plate-like particles with a lateral size of up to 0.5 µm and length of up to~3 µm occur at the grain boundaries. According to microdiffraction patterns, the particles differ in phase state. The structure of spherical particles with a size of 1 µm and less corresponds to the monophase bcc structure of β-Ti with a lattice parameter of 3.25-3.28 Å; according to available data [2] , the lattice parameter of β-Ti at 300 K is 3.269-3.271 Å. Coarser particles can have both a β structure and a two-phase β + α ′′ structure, like the particle in Figure 2 . By estimates, the lattice parameters of α ′′ martensite in near-boundary zones and in β + α ′′ precipitates are a = 2.94-3.02 Å, b = 4.96-5.17 Å, and c = 4.58-4.68 Å. In general, these values are close to the lattice parameters of α ′′ martensite in Ti alloys [13, 14] . The presence of α+α ′′ or α ′′ microvolumes in near-boundary regions and in grain boundary particles evidences that these microvolumes differ in elemental composition from both central grain regions and nominal state of the alloy. Our energy dispersive X-ray analysis of the elemental composition of alloy microvolumes in central grain regions, in near-boundary regions, including those with β precipitates, and in particles at grain boundaries and junctions suggests the following. In central grain regions, the content of Fe and Pd is either coincident with or markedly lower than their nominal content in the alloy: 0.05-0.09 at% for Pd and 0.08-0.12 at% for Fe. In near-boundary α + α ′′ and α ′′ regions similar to those in Figure 2 , the content of Fe and Pd is 1.5-3 times higher than their nominal content in the alloy. In particular, the Fe content reaches 0.17-0.43 at% in these regions, and the Pd content measures 0.04-0.24 at%. The highest Fe and Pd content falls on grain boundary particles. In the microvolumes of these precipitates, the Fe content is 5-11.8 at%, and the Pd content is 0.4-0.9 at%. By and large, the elemental composition of the particles at the boundaries corresponds to a ternary Ti 1−x−y FexPdy alloy, where x ≈ 6-14 wt% (5-12 at%) and y ≈ 0.09-1.9 wt% (0.4-0.9 at%). Thus, the initial Ti0.16Pd0.14Fe (wt%) alloy has a microcrystalline structure with an average grain size of~10 µm, and its main phase is α. Compared to the nominal composition of the alloy, the Fe and Pd content in its central α-structured grain regions is lower, and in near-boundary regions, it is higher, which is responsible for their two-phase α + α ′ or single-phase α ′′ states. The most intense segregation of Fe and Pd atoms falls on grain boundaries and junctions such that these microvolumes can contain β-Ti(Pd, Fe) precipitates with a size of 0.6-3.5 µm in which the Fe and Pd content is 6-14 wt% (5-12 at%) and 0.9-1.9 wt% (0.4-0.9 at%), respectively. According to X-ray diffraction data, the phase state of the alloy after ECAP at 648 K remains the same. The diffraction patterns of all specimens, irrespective of the number of passes, are qualitatively similar to those of the initial alloy, showing only reflections of the hexagonal α phase. However, the peak intensities and their ratio change, as the pressing changes the texture of the alloy, and the peak half-width increases compared to the initial state, which is typical for deformed materials.
Our TEM analysis shows that the ECAP treated alloy inherits the features of the initial phase state such as β or β+α ′′ particles of size~1 µm (Figures 3, 4) . The precipitates hold their size and spheroidal or ellipsoidal shape at any number of passes. After one ECAP pass, the boundaries of adjacent grains still reveal their traces, and as the number of passes is increased, the size of fragments (grains and subgrains) in the volume surrounding the particles decreases and the microstructure becomes more and more homogeneous. After three and four ECAP passes, the material assumes a homogeneous submicrocrystalline structure free of signs of the initial grain boundaries. However, the treated alloy reveals α ′′ and α + α ′′ microvolumes near the particles, as is the case in the initial state ( Figure 4) . The particles are enriched in Fe up to 10-11 at% and in Pd up to 1-1.3 at%, like similar precipitates in the initial alloy. In a near-precipitate region 0.5-1 µm thick, the Fe and Pd content is also higher than the nominal content of these elements in the alloy, measuring from 0.12 to 0.4-0.6 at%. The immediate surroundings of β particles reveal microvolumes with a three-phase structure: α, α ′′ , and β.
The β phase is represented by nanosized (20-40 nm) fragments whose presence in the zones with a high initial content of Fe and Pd is likely due to local nanosized segregation which occurs under severe plastic deformation at 648 K and in which the content of these elements is even higher than the initial one. Figure 5 and 6 show typical microstructures without coarse β or α ′′ + β particles in the alloy after ECAP at 648 K.
It should be noted that after one ECAP pass, the initial microcrystalline structure transforms to a fragmented structure with a maximum fragment size of 2 µm. However, after two passes, the material assumes a more homogeneous microband structure with mostly submicrocrystalline nonequiaxed fragments ( Figure 5 ). Any clearly defined traces of the initial grain boundaries are not found. After two passes, both α and α+α ′′ fragments are detected on microdiffraction patterns (Figure 5a , inset). As it follows from dark field images in coincident reflections of α and α ′′ , the twophase regions appear as bands of width~1 µm (Figure 5b ). Increasing the number of passes to 3 and 4 (route B) in- creases the grain-subgrain structure homogeneity, and the fragment shape tends to equiaxial (Figure 6 ). At the same time, the structure likely retains the high content of Fe and Pd in wide (up to 1.5 µm) near-boundary grain regions after ECAP, which determines their phase state. Evidence of this can be found from changes in the phase state of structural fragments after three and four ECAP passes. In particular, after three passes, the region of width ±1 µm each way from a bright line in Fig. 6a reveals frequent local (~200 nm) zones of either α ′′ fragments (e.g., symbols "×" in Figure 6a , diffraction pattern in Figure 6b ) or α + α ′′ fragments. The amount of α fragments in this region is small (Figure 6c,  d) . Directly on the bright line, a β fragment of size~0.5 µm (fragment 1) similar to grain boundary particles in the initial material is found. The microdiffraction patterns of microvolumes more distant from the bright line in Figure 6a (e.g., symbols "+") are characteristic of the α phase. Figures 7, 8 present diagrams plotted from bright and dark field TEM images to illustrate the effect of warm ECAP on the size of structural fragments (grains and subgrains) in Ti-0.16Pd wt%. It is seen from Figure 7 that after the first pass, the largest fragment sizes in the direction of maximum elongation and perpendicular to it are more than 10 times smaller than the average grain size in the initial alloy. As the number of passes is increased from 1 to 4, the decrease in the size of fragments is less steep, and their shape tends to equiaxial. Figure 8 shows the average fragment sizes ‹d› calculated from fragment size distributions versus the number of passes. It is seen from the figure that the first two passes provide an efficient decrease in ‹d›, and after three and four passes, ‹d› is almost the same. Thus, warm (648 K) equal channel angular pressing provides a submicrocrystalline structure with an average grain/subgrain size of 0.28 µm in which the main phase is α-Ti. The deformed material inherits the features of the initial phase state due to the segregation of Fe and Pd atoms at the initial grain boundaries. In particular, its structure contains α ′′ fragments, α + α ′′ fragments, and β-Ti(Fe, Pd) precipitates (at least partly) in which the Fe and Pd content can reach respectively 10-11 at% and 1-1.3 at% at a maximum particle size of 1.5 µm. Figure 9 shows stress-strain curves (τ-) under torsion for Ti0.16Pd0.14Fe (wt%) before and after ECAP. The dependences have a near-parabolic form typical of materials which pass from the elastic to the plastic range and experience an almost linear increase in severe plastic strains with applied stress up to fracture. It is seen from Figure 9 that the material after ECAP becomes hardened and requires a higher applied stress to be deformed to the same level as the initial material. The data of Figures 9 and 10 suggest that compared to route B, route A provides more efficient hardening of Ti0.16Pd0.14Fe (wt%). After the second pass by route A, the τ-curve lies in the higher stress range than that after three passes by route B, approximating the curve for this route after four passes (Figure 9 ). This finds evidence in Figure 10 from which it follows that the failure stress τ f is maximal after the second pass by route A (~900 MPa), whereas the increment in τ f after four passes by route B is lower (~30 MPa). For the alloy in the initial state and after the first pass and the second pass by route A, the failure strain f (margin of plasticity or elongation δ at the point of tensile fracture) is almost the same and high, measuring f~7 0%. After three and four passes by route B, f decreases almost linearly from~70% to~50% (Figure 10) , i.e., its decrease with respect to f in the initial alloy is 29%. An important characteristic of materials is the yield strength (τ 0.3 under torsion and σ 0.2 under tension) whose increase greatly extends the range of their possible practical applications. How the yield strength τ 0.3 changes in Ti0.16Pd0.14Fe (wt%) upon its transition from micro-to submicrocrystalline structure during ECAP at 648 K can be judged from Figure 10 . It is seen that the dependence of τ 0.3 on the number of ECAP passes is generally close to linear. The yield strength τ 0.3 increases from 370 MPa in the initial alloy to 500 MPa after four passes by route B. Thus, the increase in τ 0.3 after ECAP at 648 K is 46% while f decreases by~29%. 
Discussion
Our research data on the structure and phase state of Ti0.16Pd0.14Fe (wt%) correlate with those obtained for Ti alloys of grades 2 and 4 with no Pd [15] [16] [17] , for alloys of grade 7 with a Pd content of 0.15-0.20 wt% [15, 16, 18] , and similar powder metallurgy alloys both with no Pd [16, 19] and with Pd in amount of 0.15 wt% [16] . The presence of β precipitates with a Fe content of 5.7 to 10-12 at% is detected in grade 2 alloy containing 0.127 wt% Fe [16] and grade 4 alloy containing 0.5 wt% Fe [15] , in alloys with 0.088 and 0.285 wt% Fe (Egypt) [16, 19] , being analogues of grade 1 and grade 2 alloys, respectively, and in Ti alloys with 0.04-0.128 wt% Fe [16, 19] . The presence of bcc β particles with 5-12 at% Fe and 0.4-4 at% Pd is found at grain boundaries in grade 7 alloys containing 0.07-0.3 at% Fe and 0.4-4 at% Pd [15, 16] .
The increase in the fraction of β-Ti particles at grain boundaries of Ti alloys, no matter whether Pd is present, is associated with an increase in Fe content [2, 17, 19] . In alloys sintered from high-purity Ti powders with 0.004 wt% Fe, no such particles are detected at grain boundaries [16] . They are also not detected in grade 1 alloy with 0.2 wt% Fe [15] . In grade 7 alloy (0.05 wt% Fe, 0.18 wt% Pd), which is dominated by the α phase after quenching from 1173 K, grain boundary β precipitates are also absent. However, at the grain boundaries of the α phase, zones of width~25 µm are found in which the Pd content increases from 0.1 to 1.2 wt% [18] . These zones have the structure of α ′ martensite with needle-like crystallites. Such a phase in Ti0.16Pd0.14Fe (wt%), which is also dominated by the α phase, is identified neither in its initial state nor after ECAP at 648 K. However, the initial alloy reveals β-Ti and β + α ′′ particles at its grain boundaries and α ′′ and α + α ′′ microvolumes in its near-boundary regions. The presence of the β and α ′′ phases owes to the higher Fe content in Ti0.16Pd0.14Fe (wt%) as a whole (0.14 wt% Fe and 0.05 wt% Fe [18] ), in its near-boundary regions (up to 0.43 at% Fe, 0.24 at% Pd), and in particles (up to 12 at% Fe, 0.9 at% Pd). These features of the initial phase composition, which are associated with specific distributions of Fe and Pd atoms, are inherited after warm ECAP. Undeniably, further research is required to identify the factors responsible for the enrichment of grain boundaries with Fe and Pd atoms and the temperature intervals of such segregation in Ti alloys. At the same time, our analysis of Fe-and Pdrich zones and particles inherited by Ti0.16Pd0.14Fe (wt%) after warm ECAP suggests that they are formed at temperatures higher than the ECAP temperature 748 K. This conclusion correlates with phase transformation diagrams for Ti(Fe) and Ti(Pd) solid solutions [4, 20, 21] . The least soluble element in α-Ti is iron (0.05 and 0.01 at% at 973and 773 K, respectively [20] ) which is simultaneously the most efficient β phase stabilizer: increasing the Fe content to 3.5-4 wt% (3.0-3.6 at%) steeply decreases the β → α transition temperature from 1155 to~423 K [4] . The influence of palladium on the β → α temperature is much weaker. At a Pd content of 0.2 wt%, this temperature is almost the same as that in pure Ti (1155 K) [18] . Increasing the Pd content to~2 at% (4.3 wt%) decreases the β → α temperature bỹ 20 ∘ , and with a Pd content of 10 at% (19.9 wt%), the α phase appears at 868 K [21] . Most likely, when heated to 648 K and pressed, the central regions of the initial grains preserve their α structure because the Fe and Pd concentration there is low (equal to or even less than the total content of Fe and Pd in the alloy) and because the α → β temperature is higher. In near-boundary regions and in particles with the initial β + α ′′ structure, the situation is not so unambiguous. On heating to 648 K, they can experience α ′′ → β transformations, but high plastic strains in pressing can stimulate their reverse β → α ′′ martensite transformation. Such a reverse transition under external stress is observed in metastable β-Ti alloys, including Ti-V [22] , Ti-Nb [23] , Ti-Mo [24] , and in other alloys with a more complex elemental composition [25, 26] . The data agree with experimental results demonstrating the absence of any substantial changes in the phase composition of Ti0.16Pd0.14Fe (wt%) after ECAP at 648 K. However, by and large, ECAP at 648 K provides the transformation of a microcrystalline structure with an average grain size of~10 µm to a homogeneous submicrocrystalline structure with an average grain size of 0.28 µm, increases the yield strength, and retains the margin of plasticity at a rather high level. In general, the research results agree with data concerning the effect of warm ECAP (673-723 K) on the mechanical properties of Ti alloys [12, [27] [28] [29] . In Ti alloys, like in Ti0.16Pd0.14Fe (wt%), such pressing forms a submicrocrystalline structure with an average grain size of 0.35-0.26 µm and provides an increment in σ 0.2 by 48-68% under tension and a decrease in their elongation δ by 25-50% at the instant of fracture. In particular, in VT1-0 Ti alloy, σ 0.2 increases from 360 to 654 MPa, and δ decreases from 24.8 to 18.9% [29] .
Conclusion
Thus, our study shows that warm equal-channel angular pressing at 648 K (channel angle 90 ∘ , route B, four passes) allows one to transform the microcrystalline structure of Ti-0.16Pd-0.14Fe (wt%) with an average grain size of 10 µm to a submicrocrystalline structure with an average grain size of 0.28 µm. The main phase of the alloy both in the initial state and after equal-channel angular pressing (ECAP) is α with its hexagonal close-packed structure.
In the initial alloy, zones of width up to 1 µm from grain boundaries and grain junctions are oversaturated with Fe up to 0.43 at% and with Pd up to 0.24 at% compared to central grain regions in which the content of Fe and Pd is either close to or lower than their nominal content in the alloy (~0.1 at% Fe, 0.05-0.1 at% Pd). Part of these grain boundaries in the initial alloy contains either β particles or β + α ′′ particles (orthorhombic martensite). After ECAP at 648 K, the initial boundaries are not detected but chemical and phase inhomogeneities near them are inherited as extended bands of width up to 2 µm with homogeneous submicrocrystalline fragments with either α, α ′′ , or α + α ′′ structures. Such bands also contain inherited β particles or β + α ′′ particles. The elemental composition of particles both in the initial alloy and after ECAP corresponds to Ti(Pd,Fe) with a Pd content of 0.4-1.3 at% and Fe content of 5-12 at%. In general, any substantial changes in the phase composition of Ti0.16Pd0.14Fe (wt%) after warm ECAP at 648 K are not found. Warm ECAP at 648 K provides hardening of Ti0.16Pd0.14Fe (wt%). After four passes, the torsional yield strength of the alloy τ 0.3 increases from 370 to 500 MPa (by 46%), and the margin of its plasticity p (failure strain) decreases from 70 to 50% (by 29%). The results agree with data on other submicrocrystalline Ti alloys with ‹d› = 0.35-0.26 µm after warm ECAP at 673-723 K, showing that their tensile yield strength σ 0.2 increases by 46-68% and the elongation decreases by 25-50% compared to the initial coarse-grained state.
